
Environmental Research 208 (2022) 112662

Available online 6 January 2022
0013-9351/© 2022 Elsevier Inc. All rights reserved.

Conversion and speculated pathway of methane anaerobic oxidation 
co-driven by nitrite and sulfate 

Song Xue a,b, Fengguang Chai a,c, Lin Li a,c,d,*, Wenwen Wang a,c 

a State Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, PR China 
b Environmental Simulation and Pollution Control State Key Joint Laboratory, State Environmental Protection Key Laboratory of Microorganism Application and Risk 
Control (SMARC), School of Environment, Tsinghua University, Beijing, 100084, PR China 
c University of Chinese Academy of Sciences, Beijing, 100049, PR China 
d National Engineering Laboratory for VOCs Pollution Control Material & Technology, University of Chinese Academy of Sciences, Beijing, 101408, PR China   

A R T I C L E  I N F O   

Keywords: 
Anaerobic methane oxidation 
Sulfate reduction 
Denitrification 
Isotope trace 
Potential pathway 

A B S T R A C T   

Anaerobic sludge from sewage treatment was employed to derive a microbial colony that is capable of anaerobic 
oxidation of methane coupled with sulfate reduction and denitrification. Investigations revealed that methane 
can be oxidized with sulfate reduction and denitrification. When sulfate and nitrite acted as electron acceptors 
together, the rates and amount of methane conversion were higher than that when sulfate or nitrite alone was 
employed as an electron acceptor. The oxidation rate and amount of methane conversion reached 1.9 mg/ 
(d•gVSS) and 22.24 mg, respectively. Methanotrophic bacteria, such as M. oxyfera, and Methylocystis sp., sulfate- 
reducing bacteria (SRB), e.g. Desulfosporosinus sp., and Desulfuromonas sp.; and denitrification bacteria, such as 
Hyphomicrobium sp., and Diaphorobacter sp., presented in the bacterial community. Anaerobic methanotrophic 
archaea (ANME), including Methanosaeta sp. and Methanobacterium sp. were found in the archaeal community. 
These findings indicate the coexistence of ANME, SRB and denitrification bacteria in the system. Nitrite 
reduction coupled with methane oxidation was performed independently by M. oxyfera during which limited 
oxygen generated. The oxygen released may be utilized by methanotrophic bacteria to produce organics, which 
could be used by denitrifying bacteria to reduce nitrite. Methanotrophic archaea could also oxidize methane to 
carbon dioxide or organics by reverse methanogenesis whereas sulfate was reduced to sulfide by SRB. This study 
opens possibility for biotechnological process of sulfate reduction and denitrification with methane as electron 
donor and provides a method for the synergistic treatment of wastewater containing sulfate/nitrite and waste gas 
containing methane.   

1. Introduction 

Methane is a bio-product of low-molecular-weight organics under 
anoxic environments, such as those in the anaerobic treatment of 
wastewater and the anaerobic digestion of sludge in wastewater treat-
ment plant (WWTP) (Yu et al., 2019; Li et al., 2019b). Methane, a 
well-known greenhouse gas, enhances the effects of solar and thermal 
radiation on atmospheric temperatures. An increase in atmospheric 
concentration of methane implicates climate change in the future (López 
et al., 2018). Reducing the emission of methane to the atmosphere is an 
issue of concern in recent years. China will adopt more effective policies 
and measures to ensure that China’s carbon emissions will reach the 
peak by 2030 and that carbon neutrality will be achieved by 2060. 

Anaerobic oxidation of methane (AOM) is a biological process that 
significantly mitigates methane emission from a wide range of ecosys-
tems to the atmosphere (Martinez-Cruz et al., 2017). Humic compounds 
and phosphate can serve as electron acceptors for anaerobic oxidation of 
methane and organic compounds (Bai et al., 2019). It has been suggested 
that Fe (III)-dependent AOM potentially comprises a major global 
methane sink (Cai et al., 2018). AOM may occur in the presence of 
sulfates or nitrites, which act as alternative electron acceptors when 
oxygen is deficient (Nauhaus et al., 2007; Cassarini et al., 2017; Chang 
et al., 2021). AOM coupled with sulfate reduction was primarily 
observed in sea sediments according to Eq. (1) (Hallam et al., 2004). 
Consortium and microbial characteristics of AOM coupled with sulfate 
reduction have already been described in a previous report (Wegener 
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et al., 2016). Further, in vitro studies have demonstrated that the 
exponential increase in the AOM activity was coupled with the growth of 
anaerobic methanotrophs (ANME)/sulfate-reducing bacteria (SRB) 
consortia during AOM with sulfate (Nauhaus et al., 2007). Denitrifying 
anaerobic methane oxidation is a process in which methane is oxidized 
anaerobically to provide electrons for denitrification (Eq. (2)). Ettwing 
et al. identified an novel bacteria, Candidatus Methylomirabilis oxyfera 
(M. oxyfera), which can reduce nitrite to nitrogen using electrons 
derived from methane oxidation (Ettwig et al., 2010). 

CH4 + SO2−
4 + 2H+→CO2 + H2S + 2H2O

ΔG0 = − 92.8 kJ⋅mol CH4
(1)  

3CH4 + 8NO−
2 + 8H+→5CO2 + 4N2 + 14H2O

ΔG0 = − 765 kJ⋅mol− 1 CH4
(2) 

Wastewaters rich in sulfur oxides are produced during flue gas 
desulfurization and industrial activities, such as food and medicine 
production, paper making, and mining. Sulfate in wastewater is a 
contaminant that causes water acidification and soil compaction. 
Wastewater containing nitrate and nitrite is discharged during fertilizer 
manufacturing, iron and steel production, electronic component pro-
duction, and other processes. Excessive nitrogen in water can cause 
eutrophication and deterioration of water quality and endanger the 
survival of aquatic animals and plants when discharged into fresh water 
without further treatment. The biological treatment of wastewater rich 
in sulfate or nitrate has been successfully achieved, where nitrate or 
nitrite is denitrified into nitrogen by denitrifying bacteria and sulfate is 
anaerobically reduced to sulfide by SRB. Sulfide is either oxidized to 
elemental sulfur or precipitated as metal sulfide (Liamleam and 
Annachhatre, 2007). To achieve complete sulfate reduction or denitri-
fication, an external carbon source is often included as an electron donor 
during the wastewater treatment process. Compared with electron do-
nors, such as ethanol, acetate, and propionate, methane is easily 
accessible and inexpensive (Gonzalez-Gil et al., 2011). In addition, one 
molecule of methane can contribute 8 electrons, thereby offering more 
electrons than other electron donors, such as hydrogen. For denitrifi-
cation and sulfate reduction, methane is a more attractive electron 
donor than other organic compounds. The processes of AOM coupled to 
sulfate reduction or denitrification present potential alternatives to 
remove sulfate or nitrite from drinking water, wastewater or landfill 
leachate (Zhu et al., 2016). Most AOM reported to date occurs in marine 
or lake sediments, and the oxides investigated often act as the sole 
electron acceptor. The competition, pathways, and microbial charac-
teristics remain unclear when sulfates and nitrates are simultaneously 
present and act as oxidants in AOM. 

In the present study, microbes capable of AOM coupled with sulfate 
reduction and denitrification, such as ANME-SRB consortia, ANME- 
denitrification bacteria consortia, and ANME-SRB-denitrification bac-
teria consortia, were enriched with methane gas as the sole carbon 
source and sulfate and nitrites as electron acceptors. A mixture of 
anaerobic sludge collected from a sludge digestion tank in a WWTP was 
used as the inoculum. Methane oxidation by these consortia was 
investigated and compared. Quantitative polymerase chain reaction 
(PCR) and high-throughput sequencing were employed to determine the 
groups and species diversity of the consortia in the bioreactor. Products 
and intermediates of the process were determined to speculate the 
possible pathway of AOM coupled with sulfate reduction and denitrifi-
cation. This research explored an effective consortium and method for 
the synergistic treatment of waste gas containing methane and waste-
water rich in nitrites and oxidized sulfur compounds. 

2. Materials and methods 

2.1. Anaerobic cultivation and methane oxidation 

The inoculums for the enrichment consisted of a mixture of anaer-
obic sludge obtained from anaerobic digestion tank in a wastewater 
treatment plant. Before the experiment, the inoculum was pre-treated 
for 6 weeks. Pre-treatment consisted of three successive passages of 
inoculum in mineral solution. Each lasted for 2 weeks. The serum bottles 
with 100 mL in volume were used in anaerobic cultivations. After 
autoclaving, the bottles were filled with inoculum and sterile mineral 
medium. Methane was supplied as the sole carbon source, and mineral 
medium containing sulfate and nitrite was supplied. The mineral me-
dium consisted of 1.5 g/L of NaCl, 1.0 g/L of NH4Cl, 1.0 g/L of Mg 
Cl2•6H2O, 0.5 g/L of FeCl2•4H2O and 0.2 g/L of CaCl2•2H2O. All 
chemicals were purchased as AR (Analytical reagent) from China Na-
tional Pharmaceutical Group Co., Ltd. The components of the medium 
were autoclaved at 121 ◦C. The medium was kept anoxic with the help of 
helium purging until utilization. 

Methane oxidation was carried out in batch, in bioreactors with total 
volume of 500 mL. 350 mL of enriched suspension and medium were 
transferred into the containers. The bioreactors were closed with butyl 
rubber septa and caps, and their headspaces were transformed into 
vacuum and filled with methane (CH4/He, 60.5%/39.5%). Afterward, 
the bioreactors were stirred by magnetic agitators at 30 ◦C. 

2.2. Analytical methods 

2.2.1. Chemical analysis 
The gas composition in the head space was measured periodically. 

Gas samples for determination of CH4, CO2, H2S, NOX and N2 were 
withdrawn from the headspace of the serum bottles with gas-tight glass 
syringes (Hamilton, Switzerland) through a rubber septum. CH4 was 
measured by a gas chromatography (Agilent 6890N, USA) installed a 
flame ionization detector (FID). Separations were performed on an HP-5 
capillary column (30 m × 0.32 mm × 0.25 μm; Hewlett Packard, USA) 
with 100 ◦C of oven temperature and nitrogen as the carrier gas. CO2 
was determined by using the same gas chromatography equipped with a 
stainless steel packed column Tbx-01 (2.0 m, Ø2.0 mm). The carrier gas 
was helium with a flow rate of 19 mL/min. Temperatures were 100 ◦C 
for the column, 110 ◦C for the injection port, and 250 ◦C for the thermal 
conductivity detector (TCD). H2S was separated on a DB-1701 capillary 
column (30 m × 0.32 mm × 0.25 μm; Hewlett Packard, USA) in which 
nitrogen was used as the carrier gas and measured by a flame photo-
metric detector (FPD) working at 200 ◦C. The injection and oven tem-
peratures were 100 ◦C and 50 ◦C, respectively (Li et al., 2019a; Chai 
et al., 2020). N2 and N2O were analyzed by a Gas Chromatograph 
HP-5890 Series II packed with a Porapack Q 80/100 of 2 m × 1/8 col-
umn (Supelco) and a thermal conductivity detector. Helium was used as 
carrier gas at a flow rate of 46 mL/min (Fajardo et al., 2014). 3CH4 
(99.99%, Sigma, USA) was utilized in the isotope tracing experiments. 
Concentrations of 13CH4 and 13CO2 were detected periodically to 
investigate the conversion of CH4 as described in previous report (Li 
et al., 2019a). 

Liquid samples were taken twice every week and used for dissolved 
components analysis, after filtering through a 0.22 μm cellulose acetate 
membrane filter (Shenghe Chengxin Membrane Co. Beijing, China). 
Concentrations of SO4

2− and NO2
− in the liquid phase were quantified 

on an Dionex ICS-1000 ion chromatograph system (Dionex, USA) after 
dilution as described previously (Zhang et al., 2017a). Total dissolved 
sulfide concentrations were determined by using the potentiometric 
titration method (Leici PHS-3C, Shanghai, China). The pH was measured 
with a pH analyzer (pH-3C, Shanghai, China). Samples for the deter-
mination of total organic compound (TOC) were acidified with H3PO4 
and sparged with carbon-free air. TOC was measured on a carbon 
analyzer (Shimadzu TOC-V-CPH) which had been calibrated by 
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potassium hydrogen phthalate (SigmaPro, USA). Linear sweep voltam-
metry (LSV) was applied to monitor oxidation process of S2− and 
reduction process of NO2

− on electrodes. The LSV was conducted in a 
single-compartment, three electrode cell on a CHI 630E instrument (CH 
Instrument Co.). The glassy carbon electrode and calomel electrode were 
used as the working electrode and reference electrode, respectively. 

The VSS and TSS content of the reactor suspension and the dry 
weight contents of the inoculates were analyzed according to standard 
methods. The VSS is obtained from the difference between dry weight 
(TSS) and ash weight of the solids separated from the liquid by filtration. 

2.2.2. Microbiological profiling and determination of biomass 
The Omega soil DNA Kit (Omega Bio-tek, USA) was applied for DNA 

extraction. The bacterial 16 S rRNA gene was amplified by the universal 
primer of 338F (5’ -ACTCCTACGGGAGGCAGCAG-3′)/806r (5′-GGAC-
TACHVGGGTWTCTAAT-3′). Meanwhile, the primer sets of 524 F (5′- 
TGYCAGCCGCCGCGGTAA-3′)/958R (5′-YCCGGCGTTGAVTCCAATT- 
3′) were used to amplify the archaeal 16S rRNA genes (Liu et al., 2016). 
The polymerase chain reaction (PCR) was carried out with an initial 
denaturation for 30 s at 98 ◦C. A total of 30 cycles (with each including 
15 s at 98 ◦C, 15 s at 58 ◦C, and 15 s at 72 ◦C) was followed by a final 
extension step of 1 min at 72 ◦C. The amplicons were purified with the 
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U. 
S.) and quantified using QuantiFluor™- ST (Promega, USA). Then, the 
Illumina MiSeq platform (Majorbio, Shanghai, China) was applied to 
sequence the products. The abundance of the M. oxyfera was quantified 
by the quantitative real-time PCR (qPCR) with the primers, qP1F 
(5′-GGGCTTGACATCCCACGAACCTG-3′) and qP1R (5′-CGCCTTCCTCC 
AGCTTGACGC-3′) (Ettwig et al., 2010). The methods and procedures of 
the DNA extraction and PCR amplification were conducted consistent 
with our previous report (Chai et al., 2021). 

3. Results and discussion 

3.1. Anaerobic oxidation of methane 

The experiments of sulfate (MS), nitrite (MN) and sulfate and nitrite 
(MNS) on anaerobic oxidation of methane were performed in batches 
over 70 days. Table 1 summarizes the reaction time and conditions. In 
the individual experiment, three batches (Batch I, Batch II, and Batch III) 
were completed over 28, 24, and 26 days, respectively. Fig. 1 shows the 
variation in methane concentration with reaction time in the individual 
experiment. For MS, the methane concentration showed fluctuations in 
Batch I. The concentration of methane was 393.72 mg/L at the begin-
ning of the experiment. Further, the lowest methane concentration of 
354.30 mg/L was obtained after 13 days of reaction. After 28 days of 
reaction, the methane concentration decreased to 365.20 mg/L, with an 
average methane conversion rate of 0.34 mg/(d⋅gVSS). The average 
rates of AOM were 0.63 mg/(d⋅gVSS) for Batch II and 0.88 mg/(d⋅gVSS) 
for Batch III. The largest methane decrement amount was 10.33 mg, 
which was obtained in Batch III. Similar results were obtained in the 
experiment of MN where the oxidation of methane was accompanied by 
denitrification. Methane concentrations fluctuated in Batch I and 
decreased gradually with time in Batch II and Batch III. Driven by nitrite, 
the decrements of methane were 6.70 mg in Batch I, 10.60 mg in Batch 
II, and 14.82 mg in Batch III, and the corresponding average conversion 
rates of methane were 0.53, 0.98, and 1.27 mg/(d⋅gVSS), respectively. 
Similarly, the maximum conversion rate and amount were achieved in 
Batch III. When nitrite and sulfate both served as electron acceptors in 
MNS, the methane consumption rate was markedly higher than that in 
MS and MN. In total, 14.39, 17.26, and 22.24 mg methane were 
consumed in Batch I, Batch II, and Batch III, respectively, and the cor-
responding average methane conversion rates were 1.14, 1.60, and 1.90 
mg/(d⋅gVSS). 

Both methane oxidizing bacteria and methanogens may present in 
the reaction system due to anaerobic digested sludge using as inoculum. 
Ma’s research team also reported similar phenomenon via qPCR analysis 
(Ma et al., 2017). The oxidation and production of methane occurred 
simultaneously in the same reaction system, which led to the fluctuation 
of methane concentration in Batch I. Sulfate or nitrite could accept 
electrons released by methane oxidation and inhibit the activity of 
methanogens (Liu et al., 2019), which enhanced the competitive ability 
of methanotrophs against methanogens. As methanotrophs gradually 
dominated in the systems of MS, MN and MNS, the fluctuation of 
methane concentration gradually weakened in Batch II and Batch III. 

Similar to all biosystems, a newly installed bioreactor adapts itself 
with respect to its microbial ecology and physiological condition before 
efficient biodegradation occurs. The start-up period of a newly initiated 
bioreactor usually takes several days or weeks. The species in the 
inoculum survive under the environmental conditions inside the biore-
actor (e.g., temperature, pH, and nutrient supply) and withstand the 
inevitable variations during the start-up period. Therefore, the removal 
and consumption rate of methane were relatively small in Batch I. 
Pollutant degradation is a necessary trait for species in a biofilter, and 
rapid utilization of the pollutant provides the species with a competitive 
advantage. After two reaction batches (Batch I and Batch II), lasting 52 
days of reaction period, microorganisms that utilize methane and ni-
trite/sulfate grew rapidly and proliferated in the bioreactor, resulting in 
the maximum removal of methane in Batch III. 

In previous studies, the inoculums for AOM coupled with sulfate 
reduction or nitrite reduction were usually sediments obtained from the 
natural habitat. The conversion rate of methane in AOM varied with the 
sources of inoculum. A bioreactor inoculated with sediments obtained 
from the Eckernförde Bay was operated to investigate AOM with sulfate 
(Meulepas et al., 2009). The loads of methane and sulfate were 3136 
mg/(d•L) and 288 mg/(d•L), respectively. Based on the results, the 
maximum AOM rate reached 16 mg/(d•gVSS). These findings indicate 
that anaerobic sludge could act as the inoculum for sulfate-dependent or 

Table 1 
The reaction time and conditions in individual experiment.  

Experiments Batch I Batch II Batch III 

Reaction time (d) 28 24 26 

Conditions pH 7.0–7.5 7.0–7.5 7.0–7.5 
temperature (◦C) 30 ± 1 30 ± 1 30 ± 1  

Fig. 1. The variation of CH4 with reaction time in individual experiment.  
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nitrite-dependent methane oxidation. The population of microorgan-
isms in the bioreactors, the amount of methanotrophs, the type of 
electron acceptor and the reaction conditions (such as methane load) are 
the factors that affect the methane oxidation rate. The AOM rates 
coupled with the same type of electron acceptor changed when the 
inoculum of the enrichment cultures varied. The rates and amount of 
methane oxidation differed when the reaction systems were inoculated 
with anaerobic digester sludge. 

In the experiment of MNS, 22.24 mg methane was consumed during 
Batch III and the rate of AOM reached 1.9 mg/(d•gVSS). Compared with 
MS and MN which were driven by sulfate or nitrite, higher AOM rates 
and amount were achieved in MNS when sulfate and nitrite co-existed in 
the bioreactor. Methane conversion was influenced by the types of 
electron acceptors. 

The effect of loading rates on methane oxidation was investigated by 
varying the initial methane concentration from 190.53 mg/L to 398.06 
mg/L. Table 2 lists the experiment conditions for loading rates for 
methane oxidation. When the initial methane concentration was 
190.53–199.16 mg/L, the average methane consumption rates reached 
0.07 mg/L/d for MS-L, 0.16 mg/L/d for MN-L, and 0.24 mg/L/d for 
MNS-L. When the concentration of methane improved to an average of 
393.73 mg/L, the methane consumption rates in MS-H, MN-H, and MNS- 
H increased by 75.90%, 61.83%, and 66.15%, respectively. These 
findings indicate that high oxidation rates can be obtained by increasing 
the load of methane. A similar result was obtained in a previous study, 
wherein wet landfill soil was utilized as the inoculum during methane 
oxidation (Lee et al., 2011). The oxidation rate of methane increased 
from 29.76 to 76.74 mg/g(dry cell weight) with an increase in methane 
concentration from 14 μM to 208 μM in water. 

3.2. Microbial population 

3.2.1. Bacterial population 
Suspension liquids in MN, MS, and MNS were collected separately for 

the microbial assay after 4 months of operation. In total, 54,522 effec-
tive reads for MN, 37,156 for MS, and 57,068 for MNS were analyzed 
from the bacterial population, and the Shannon indexes were 3.02, 2.47, 
and 3.55, respectively. The diversity of MNS was markedly higher than 
that of MN and MS, indicating that multiple electron acceptors can lead 
to an increase in the bacteria population abundance. The heatmap and 
network diagrams of bacterial population are shown in Fig. 2a and 
Fig. 3a, respectively. 

Methane oxidizing bacteria, such as Methylocaldum sp. and Methyl-
ocystis sp., were found in all systems, accounting for 3.26% and 2.31% in 
MN, 1.53% and 0.02% in MS, and 1.98% and 2.20% in MNS, respec-
tively. Methylocaldum sp. belonged to Type I methanotrophs, whereas 
Methylocystis sp. was assigned to Type II methanotrophs. These two 
species could oxidize methane into carbon dioxide or intermediates 

Table 2 
Experiment conditions in loading rates on CH4 oxidation.  

No. VSS (mg/L) CH4 NO2
− (mg/L) SO4

2− (mg/L) 

(%) (mg/L) 

MN-H 3359 59.44 398.06 583.31 0 
MN-L 3412 29.09 194.81 583.31 0 
MNS-H 3367 59.02 395.25 583.49 772.34 
MNS-L 3402 29.74 199.16 583.49 772.34 
MS-H 3386 57.92 387.88 0 772.41 
MS-L 3358 28.45 190.53 0 772.34 

MN-H: High load methane oxidation driven by nitrite. 
MN-L: Low load methane oxidation with driven by nitrite. 
MNS-H: High load methane oxidation co-driven by nitrite and sulfate. 
MNS-L: Low load methane oxidation co-driven by nitrite and sulfate. 
MS-H: High load methane oxidation driven by sulfate. 
MS-L: Low load methane oxidation driven by sulfate. 
VSS: Volatile suspended solids. 

Fig. 2. Heatmaps of bacterial population (a) and archaeal population (b).  
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under anoxic conditions (Siniscalchi et al., 2017). The Methylocystis 
parvus strain, which was capable of microaerobic and anaerobic meta-
bolism, was isolated from a denitrifying bioreactor by Vecherskaya et al. 
(2009). Methylocystis sp. is a methane oxidizing bacterium whose 
methane oxidation ability can be inhibited by hydrogen sulfide in the 
environment. Unlike Methylocystis sp., Methylocaldum sp. was once iso-
lated from a hydrogen sulfide-rich anaerobic digester reactor for 
methanol production from biogas. Such type of methanotrophs can 
biodegrade methane even via exposure to 1000 ppm H2S (Zhang et al., 
2016). Quantitative PCR showed that there were 3.83 ± 0.79 × 103 and 
3.76 ± 0.58 × 103 copies/ml of Candidatus Methylomirabilis oxyfera 
present in the systems of MN and MNS, respectively. Further, M. oxyfera 
could reduce nitrite to nitrogen with methane as the electron donor 
(Ettwig et al., 2010). 

For MN, the detected nitrite-reducing bacteria were Hyphomicrobium 
sp., Diaphorobacter sp., Achromobacter sp., Thermomicrobiales sp., and 
Paracoccus sp., with corresponding percentages of 2.64%, 2.59%, 
2.53%, 2.24%, and 0.06%, respectively, and these bacteria were also 
found in the MNS system, with percentages of 1.95%, 2.70%, 0.36%, 
1.95%, and 2.91%, respectively. Diaphorobacter sp. was previously iso-
lated from an SBR reactor to treat swine wastewater, which can reduce 
nitrite at a reduction rate of 4.95 mg/(L•h) (Zhang et al., 2017b). Par-
acoccus sp. was previously isolated from a denitrifying reactor and used 
for denitrification (Chakravarthy et al., 2011). Both nitrate and nitrite 
could be biodegraded by such bacteria, and the nitrite reduction rate 
reached 0.45 mg/h. Thermomicrobiales sp. can use nitrite as an electron 
acceptor and methanol as an electron donor for denitrification. Hypho-
microbium sp. is considered an efficient denitrifier with methanol as the 
carbon source, and the nitrite reduction rate was found to reach 60 
mg/(gMLVSS•h) (Timmermans and Van Haute, 1983). Achromobacter sp. 
phylum, such as Achromobacter denitrificans and Achromobacter xylo-
soxidans, are capable of nitrite reduction, with nitrogen and nitrous 
oxide as the reduction products (Doi et al., 2014). Of note, 1.23% and 
0.85% of Thiobacillus sp. were found in MNS and MN, respectively. 
Thiobacillus sp., such as Thiobacillus denitrificans, was related to the 
sulfur cycle, which could oxidize sulfur ions into sulfur or sulfate, with 
nitrite as an electron acceptor (Lane et al., 1985; Claus and Kutzner, 
1985). 

The detected SRB were mainly Desulfomicrobium sp., Desulfospor-
osinus sp., and Desulfuromonas sp. These bacteria were only present in 
the MS and MNS systems, accounting for 24.23%, 3.17%, and 3.61% in 
MS and 16.02%, 3.69%, and 3.49% in MNS. Desulfosporosinus sp. was 
previously isolated from lake sediments and can use methanol as an 
electron donor to reduce sulfate into sulfide (Ramamoorthy et al., 2006). 
Desulfomicrobium sp. is a type of SRB which could use thiosulfate, sulfate, 
sulfite, and elemental sulfur as electron acceptors and produce sulfide 
(Azabou et al., 2007). Another previous study revealed that Desulfur-
omonas sp., which was isolated from sulfide-containing sea water sour-
ces and alcohols, can serve as carbon and energy sources for the 
reduction of elemental sulfur to sulfide (Pfennig and Biebl, 1976). 

3.2.2. Archaeal population 
Overall, 26523, 27283, and 38680 effective reads were identified 

from the archaeal population of MN, MS, and MNS, respectively. The 
Shannon indexes were 2.07 for MN, 1.90 for MS, and 2.18 for MNS in the 
archaeal population. The archaeal population in MNS had the highest 
diversity. Figs. 2b and 3b present the heatmaps and network diagrams of 
archaeal population, respectively. 

Three archaea related to methane oxidation, namely, Methanosaeta 
sp., Methanococcoides sp., and Methanolinea sp., were detected from the 
archaeal population of the three systems. These archaea were previously 
retrieved from the archaeal populations in anaerobic sludge granules 
(Ito et al., 2012; Kato et al., 2015). 

The dominant methanotroph archaea detected was Methanosaeta sp., 
with percentages of 1.18% for MN, 12.90% for MS, and 4.16% for MNS. 
Methanococcoides sp. and Methanosarcina sp. were also abundant in the 

Fig. 3. Collaboration network. a: bacterial population; b: archaeal population.  

Fig. 4. Concentrations of methane and carbon dioxide during 
methane oxidation. 
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archaeal population, accounting for 8.78% and 6.16% in MN, 10.63% 
and 5.87% in MS, and 8.88% and 5.07% in MNS, respectively. Two 
phylogenetically different groups, namely, ANME-I and ANME-II, were 
related to SRB (Michaelis et al., 2002). Methanosaeta sp., Methanosarcina 
sp., Methanococcoides sp., and Methanolinea sp. are widely known as 
anaerobic methanotrophic archaea and were verified to be associated 
with SRB as a partner (Boetius et al., 2000; Orphan et al., 2002). Marine 
sediments were previously utilized as an inoculum to obtain microbial 
consortia capable of methane oxidation and sulfate reduction (Orphan 
et al., 2001). In addition, aggregates of ANME-II and SRB, as well as 
isolated ANME-II archaea, were found. The microbial consortia-coupled 
anaerobic methane oxidation with sulfate reduction can convert 
methane into acetic acid or carbon dioxide. The different sources of 
inoculums may result in differences in the microbial community struc-
tures and the effects of methane oxidation. 

3.3. Fates of methane, sulfate, and nitrite 

3.3.1. Methane conversion 
The amount of carbon dioxide increased with the decrease of 

methane in the systems of MN, MS and MNS (Fig. 4), indicating that 
carbon dioxide was the conversion product of methane oxidation. The 
percentages of the carbon dioxide and inorganic carbon (IC) in the total 
carbonaceous products were 54.06% for MN, 72.67% for MS, and 
89.53% for MNS (Fig. 5). The main component of IC was the carbonate 
formed after the dissolution of carbon dioxide in water. The highest 
proportion of IC in the carbonaceous products of methane conversion 
was obtained in the MNS system, which revealed that the mineralization 
rate of methane in MNS was higher than that in MN and MS. Pure 13C- 
labeled methane was used to track the fate of methane and estimate the 
AOM rates in MNS, to which only 99.999% 13CH4 was added and 
enrichment was performed. A steady increase in 13CO2 occurred in the 
13C isotope tracing experiment. The enrichment of isotopic CO2 
demonstrated the conversion of labeled methane to CO2 in the MNS 
system. The proportions of TOC in the individual system ranged from 
6.88% to 11.08%. A small amount of water-soluble organic matter was 
found in the solution. As methane was the sole carbon source, the or-
ganics detected from the systems of MN, MS, and MNS were speculated 
to be the intermediates during methane conversion. Moran et al. (2008) 
found that methyl sulfides (e.g., methanethiol and dimethyl sulfide) are 
intermediates in the process of AOM coupled with sulfate reduction 
(Moran et al., 2008). Methane can be oxidized to methanol by the 
enzyme methane monooxygenase, which is produced by the Methyl-
ocystis sp. strain (McDonald et al., 1997). The reduced methane may 
only be converted to intermediate products, such as methanol and for-
mic acid, rather than being completely mineralized (Strong et al., 2015). 

3.3.2. Sulfate reduction and denitrification 
The reduction of sulfate occurred with the oxidation of methane in 

both MS and MNS systems (Fig. 6). After 15 days of reaction, 26.79 mg 
of sulfate was consumed in MS and 45.36 mg of sulfate was reduced in 
MNS. H2S generation was detected in the gas phase. Over 20 mg of H2S 
was obtained in MN, and the production rate reached more than 1 mg/d. 
A small amount of H2S was also detected in the gas phase of the MNS 
system, and its yield was less than 0.5 mg H2S was the main gaseous 
product during the conversion of sulfur-containing compounds in both 
the MNS and MS systems. It was worth noting that the production of 
hydrogen sulfide in the MNS system was slightly lower than that in the 
MS system. And yellow solid was found to be formed, which was spec-
ulated to be the formation of sulfur. Both sulfate and nitrite were in MNS 
system. Sulfate reacted with methane to generate HS− . NO2

− , a strong 
oxidant, can oxidize the HS− produced into sulfur or sulfate. 

The variation of nitrite in the experiments showed a similar phe-
nomenon. Nitrite decreased simultaneously with methane conversion 
(Fig. 7). The amounts of nitrite consumption in MN and MNS were 33.58 
and 42.69 mg, respectively. Both sulfate and nitrite were evidently 
reduced, with a measurable decrease in methane concentration in the 
MNS system. The reduction rates of sulfate and nitrite in MNS were 

Fig. 5. Proportion of various carbonaceous products.  

Fig. 6. The transformation of sulfur-containing compounds. a: MS; b: MNS.  
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markedly higher than those in MS and MN. During the reaction, the 
average yields of N2 and N2O in the MN system were 15 and 0.13 mg, 
respectively. An average of 21 mg of N2 and 0.4 mg of N2O were 
generated in the MNS system. Nitrogen and nitrous oxide are the two 
main gaseous products. More N2 and less N2O were generated in the 
MNS system during the conversion of nitrogen-containing compounds 
than in the MN system. 

The electrochemical behaviors of S2− and NO2
− were investigated by 

LV with a glassy carbon electrode in solution with 1.0–5.0 M at potential 
ranges from − 1.50 V to 1.00 V for the oxidation of S2− and from − 1.00 V 
to 1.00 V for the reduction of NO2

− . The linear voltammetry curve of 
sulfur ion demonstrated that there were two oxidation peaks, which 
were located at − 0.19 and 0.26 V, during the oxidation of S2− (Fig. 8a). 
This finding indicates that there were two types of oxidation products of 
sulfur ions, which might be sulfur and sulfate. In the reduction peak 
diagram of NO2

− shown in Fig. 8b, two reduction sites at 0.16 and 0.67 V 
were observed, indicating that two products, presumably N2 and NOx, 
were generated in the NO2

− reduction process. In the environment 
where nitrite and sulfur ions coexist, there will be a redox reaction in 
which NO2

− oxidizes S2− to elemental sulfur or sulfate and NO2
− re-

duces itself to N2 or NOx. 

3.3.3. Possible transformation pathways 
For the MN system, the microbes involved in methane oxidation 

include Methylocaldum sp., Methylocystis sp., M. oxyfera, Methanosarcina 
sp., and Methanobacterium sp. Among them, M. oxyfera can complete the 
process of methane oxidation and nitrite reduction independently and 
release limited oxygen (Ettwig et al., 2010). Once oxygen is produced, it 
is rapidly utilized by monooxygenase. Previous studies have reported 
that Methylocaldum sp. and Methylocystis sp. can not only oxidize 
methane under aerobic conditions but can also survive in anaerobic and 
anoxic environments. In an oxygen-limited environment, these microbes 
oxidize methane to intermediates, such as methanol and acetic acid. 
Methane can be oxidized to carbon dioxide or acetic acid through 
reverse methanogenesis by Methanosarcina sp. and Methanobacterium sp. 
(Yu et al., 2019, 2021). Hyphomicrobium sp., Diaphorobacter sp., Ther-
momonas sp., and Achromobacter sp. caused the reduction of nitrite. The 
presumed pathways of methane oxidation coupled with nitrite reduction 
are depicted in Equations (3)–(6). 

CH4 +NO−
2 + 2H+̅̅̅̅ →

M.oxyfera CO2 + N2 + 2H2O+ Limit O2 (3)  

Fig. 7. The transformation of nitrogen-containing compounds. a: MN; b: MNS.  
Fig. 8. Cyclic voltammetry curves. a: S2− ; b: NO2

− .  
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CH4 +Limit O2 →

Methylocaldum sp

Methylocytis sp
Intermediate+ CO2 (4)  

CH4 +H2O →

Methylocaldum sp

Methylocytis sp
Intermediate+ CO2 + H+ (5)  

NO−
2 + Intermediate →

Hyphomicrobiumsp

Diaphorobactersp

Achromobacter sp

Thermomicrobiales sp

N2 + N2O+ CO2 (6) 

For the MS system, SBR, such as Desulfosporosinus sp., Desulfomi-
crobium sp., and Desulfuromonas sp., were found in the bacterial popu-
lation. Moreover, Methanosarcina sp. and Methanococcoides sp., as well 
as ANME-II, were present in the archaeal population. Both sulfate 
removal and sulfide production were coupled with methane abatement; 
sulfate was reduced to H2S by SBR and methane was oxidized to carbon 
dioxide and organics as intermediates by ANME-II as expressed in 
Equation (7).

The methane oxidation pathway in the MN and MS systems also 
occurs in the MNS system with nitrite and sulfate as co-electron accep-
tors. The denitrification process was similar to that in the MN system, 
whereas sulfate reduction was analogous to that in the MS system. It is 
noteworthy that Thiobacillus sp. presented in MNS might oxidize sulfur 
ions to sulfur using nitrite as the electron acceptor. The presumed 
pathways of methane oxidation co-driven by nitrite and sulfate are 
depicted in Equations (3)–(7) and exhibited in Fig. 9. 

To date, AOM driven by both sulfate and nitrite has seldom been 
reported. The conversion of methane was found to be enhanced with 
multiple electron acceptors in our study. This finding might be due to 
both sulfate and nitrite serving as electron acceptors, and the electronics 
released by methane were more easily absorbed when electron acceptors 
increased. 

4. Conclusion 

When the oxidation of methane was co-driven by sulfate and nitrite, 
the conversion amount and oxidation rate reached 22.24 mg and 1.9 
mg/(d•gVSS), respectively. The rate and amount of methane conversion 
in MNS were higher than that in MS and MN. M. oxyfera, and Methyl-
ocystis sp. were involved in the oxidation of methane as methanotrophic 
bacteria; Desulfosporosinus sp., Desulfomicrobium sp., and Desulfuromonas 
sp. were assigned to SRB; and Hyphomicrobium sp., Diaphorobacter sp., 
were associated with the denitrification of nitrite. For the speculated 
pathways, methane oxidation coupled with nitrite reduction was inde-
pendently completed by M. oxyfera. Through reverse methanogenesis, 
methanotrophic archaea might oxidize methane to carbon dioxide or 
organic intermediates. Sulfate was reduced by SRB to form sulfide, 
which could be transformed into sulfur by Thiobacillus sp. with nitrite as 
an electron acceptor. 
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